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Introduction

31
Microtubule (MT) and actin cytoskeletons function as tracks for various intracellular cargos during 32 transportation, such as large organelles in the cytoplasm. KCBP is a MT minus-end-directed kinesin-14 33
family protein uniquely evolved in the plant lineage (Hamada, 2007; Reddy et al., 1996) . In the moss 34
Physcomitrella patens, KCBP has been shown to be necessary for proper positioning of the nucleus and 35
chloroplasts (Yamada et al., 2017) . Several data led us to propose a model in which KCBP directly binds to 36 nuclear and chloroplast membranes, walks along the MT towards minus ends, and transports those 37 organelles to their proper positions. First, intracellular motility of these organelles is MT-dependent, and not 38 actin-dependent (Miki et al., 2015) . Second, the motility of the nucleus and chloroplasts is skewed in the more data is necessary to support (or revise) the model. 45 An open question is whether or not the lipid binding of KCBP drives organelle transport. Although 46 KCBP efficiently binds to liposomes in vitro, its enrichment around the chromosomal region is limited to ~20 47 min after anaphase chromosome separation in the cell; during interphase, no KCBP localisation is observed 48
at the nuclear envelope (NE) and the KCBP KO line displays no nuclear migration defect (Yamada et al., 49 2017). Instead, KCH kinesin was identified as the minus-end-directed transporter of the nucleus during 50
interphase (Yamada and Goshima, 2018). The 'nuclear' enrichment of KCBP after chromosome 51
segregation was concluded based solely on its co-visualisation with histone-RFP, which is a chromosomal 52 marker; therefore, it remains unknown if the NE has been re-formed at the time of KCBP localisation and 53
function. Furthermore, nuclear migration is mediated by the NE-embedded LINC (Linker of Nucleoskeleton 54 and Cytoskeleton) or LINC-like complex in other animal, plant and yeast systems; LINC binds to the tail region 1 of motors (dynein, kinesin, myosin) or directly to actin filaments, thereby linking the nucleus to cytoskeleton 2 (Chang et 
16
In this study, we addressed these questions through a structure-function analysis of KCBP. We 17
identified the FERM-C domain of moss KCBP as critical for cargo transport, which is a dispensable domain 18 of Arabidopsis KCBP for MT/actin organisation. In addition, our results suggest that the naked chromosome, 19
rather than the membranous nucleus, is a cargo of KCBP. 20 21
Results
23
FERM-C domain is required for chromosome and chloroplast translocation 24 KCBP contains three recognisable domains that are known to bind to other molecules: MyTH4, FERM, 25 and motor domains. To identify the domain(s) responsible for nuclear and chloroplast transport, we made six 26 different truncation constructs in which one or multiple domains were deleted and Cerulean fluorescent 27 protein was attached ( Fig. 1A) . We also constructed a control full-length Cerulean-KCBPb and a 'rigor' 28 mutant. The rigor mutant possesses a mutation in a residue critical for its motor activity; hence, the motor 29 binds to but does not walk along MTs. The constructs were transformed into a moss line that expresses 30
GFP-tubulin and histoneH2B-RFP and has had all of its KCBP paralogues deleted, and stable transgenic 31 lines were selected. The expression of each truncated protein was confirmed by immunoblotting ( Fig. 1B ).
32
For each truncation, we selected two to four clonal lines and performed long-term time-lapse imaging 33 of the chromosome (histone-RFP) and chloroplast (autofluorescence) with a low magnification lens ( Fig. 2A ).
34
Applying the previously utilised method (Yamada et al., 2017), we quantified post-mitotic 35 chromosomal/nuclear positioning and chloroplast distribution. As expected, the full-length KCBPb fully 36 restored the positioning of both chromosomes and chloroplasts, validating our assay ( Fig. 2B , C). The rigor 37 mutant as well as a motor-less fragment failed to restore the distribution of either organelle, consistent with 38 the model that the positioning of these organelle requires MT-based motility of KCBP ( Fig. 2D , E). The 39 FERM domain can be subdivided into three subdomains, FERM-N (also called F1), FERM-M (F2), and 40 FERM-C (F3) (Lu et al., 2014). The fragments that lack FERM-C, which constitutes the lipid-and 41 protein-binding interface, failed to rescue either phenotype, suggesting that this domain is responsible for the 42 organelle attachment of the motor ( slight difference in expression level, since we cannot precisely control the expression level of the transgene 51
that is integrated into non-endogenous region(s). Regardless, we observed individual cells that could 52 transport the chromosomes properly but failed to redistribute chloroplasts, indicating that, even when the 53 chloroplast positioning is defective, the chromosomes/nucleus could migrate to its proper position after cell 1 division ( Fig. 2A ; shown are ΔMyTH4 #15 and ΔFERM-N/M #7 lines).
3 KCBP localisation around the chromosomes precedes the completion of NE formation 4
To correlate the function and localisation of KCBP, we observed chromosomal dynamics as well as 5 mutant KCBP localisation with high-resolution confocal microscopy ( Fig. 3 ). Since our microscope setting 6 could not prevent GFP signal leakage into the Cerulean channel, background GFP-tubulin signal was 7 always detectable when Cerulean-KCBPb fragments were imaged ( Fig. 3 ; 'Control' shows a cell that does 8 not express Cerulean). Nevertheless, we were able to observe the chromosomal enrichment of full-length 9
Cerulean-KCBPb during telophase ( Fig. 3 'Full-length'). The motor-deleted fragment also showed signals on 10 stalled chromosomes, indicating that the cargo-targeting activity was intact in the absence of the motor 11 ('ΔCC-Motor'). In contrast, ΔTail or ΔFERM-C proteins did not accumulate on the chromosome, decorating 12
phragmoplast MTs instead. The semi-functional MyTH4-or FERM-N/M-deleted fragment showed fainter 13 signals on the chromosomes. These results suggest that accumulation of KCBP is required for 14 chromosome/nuclear transport. 15
In analysis suggested that the protein is subjected to cleavage and/or degradation (<100 kD band was 37 detected, whereas Cerulean-AtKCBP should be >150 kD; data not shown). We gave up pursuing the 38 functional replacement experiment for AtKCBP. In contrast, we obtained a clonal line in which 39
Citrine-MpKCBP (full-length) expression was confirmed ( Fig. 5A ). Time-lapse imaging followed by image 40 analysis showed that MpKCBP almost completely suppresses the aberrant positioning of the chromosome 41 and chloroplast ( Fig. 5B, C ). Furthermore, it showed chromosomal accumulation at telophase ( Fig. 5D ).
42
Thus, the transport function of KCBP is not endowed specifically to moss. 43 44 Discussion 45 46 Naked telophase chromosomes, not the enveloped nucleus, may be transported by KCBP 47
Our previous study showed that, in vitro, KCBP binds to phospholipids in a manner dependent on its In contrast to the nucleus/chromosomes, we could not gain much insight into the molecular mechanism 14
of chloroplast transport in this study. The major obstacle was that we could not observe the localisation of 15 KCBP on the chloroplasts, since the autofluorescence of this organelle was overwhelming. However, the 16 essentiality of FERM-C and motor activity and the importance of MyTH4 suggest that KCBP recognises the 17 proteins and/or lipid surface of chloroplasts and transport them to the MT minus-ends, similar to telophase 18 chromosomes. Identifying the interacting partner of KCBP at the chloroplast surface could be an interesting 19 future research avenue. 20 21
Conservation of KCBP in plants 22
Liverwort KCBP could substitute moss KCBP's function, suggesting that the FERM-dependent cargo 23 transport activity is preserved in KCBPs of bryophytes. Unfortunately, we could not conduct the 
27
The domain arrangement in the tail is well conserved; in particular, the FERM-C domain (~108 a.a.) is highly 28 conserved (93 % identity in amino acid sequences). Nevertheless, previous study showed that the entire 29
MyTH4-FERM region is dispensable for KCBP function in Arabidopsis trichome morphogenesis (Tian et al., 30 2015). Thus, the two KCBP functions -the FERM-dependent transport and the FERM-independent 31
MT-actin organisation -are separate. We speculate that AtKCBP also carries out the FERM-dependent 32 transport function, possibly redundantly with other motors, in certain tissues of Arabidopsis. 33 34
Materials and methods
36
Moss culture and transformation 37
Moss lines used in this study are listed in Table S1 ; all lines originated from the Physcomitrella patens 38
Gransden2004 strain. Methodologies of moss culture, transformation, and transgenic line selection have 39 been thoroughly described in previous studies (Yamada et al., 2016). Briefly, cells were cultured on BCD 40 agar medium for imaging. Transformation was performed by the standard PEG-mediated method and 41 stable lines were selected with antibiotics. The mCherry gene was inserted into the C-termini of CRWNa 42
and SUN1 via homologous recombination. Citrine and mCherry tag insertion were confirmed by PCR. 43
Integration of Cerulean-KCBP truncation constructs was confirmed by PCR followed by immunoblotting.
45
Plasmid construction 46
Plasmids and primers for plasmid construction used in this study are listed in Cerulean-tagged proteins was performed with home-made anti-GFP antibody (rabbit "Nishi", final bleed, 1: 7 500). 8 9
In vivo microscopy 10
Methods for epifluorescence and spinning-disc confocal microscopy were previously described ( 
